An optical imaging technique called ultrasound-modulated optical computed tomography is demonstrated for tomographic imaging of biological tissues. Ultrasound-modulated optical signals are extracted from scattered light to provide projection data for the image reconstruction. A filtered back-projection algorithm is implemented to reconstruct an image reflecting optical tissue properties from angular and linear scans of an ultrasonic beam across a sample. This reconstruction-based imaging technique provides a way to obtain images of cross sections containing the scanned ultrasonic axis in biological tissues, which enables three-dimensional ultrasound-modulated optical imaging. The technique combines the contrast advantage of optical waves and the resolution advantage of ultrasonic waves.
Taking advantage of optical contrast and ultrasonic resolution, ultrasound-modulated optical tomography [1] [2] [3] [4] [5] is an attractive technique in the biomedical optical imaging field. In this technique, an ultrasonic beam is focused into biological tissue to modulate the coherent light crossing over the ultrasonic beam in the tissue. Because ultrasound is scattered much less than light in biological tissue, it can provide good spatial information for imaging in the optical diffusion regime. By detecting the ultrasound-modulated light, the optical properties related to the ultrasound location inside the tissue can be derived. Poor optical resolution, resulting from strong optical scattering of biological tissues, is avoided. By scanning a sample or an ultrasonic beam, one-͑1D͒ or twodimensional ͑2D͒ images of a cross section perpendicular to the ultrasonic axis can be obtained directly. To obtain an image of a cross section containing the ultrasonic axis, reported scanning an ultrasonic beam axially; however, the resolution was poor because the axial dimension of the ultrasonic focal zone was quite long. Wang et al. 7 and Yao et al. 8 developed a technique called frequencyswept ultrasound-modulated optical tomography and achieved controllable spatial resolution along the ultrasonic axis, in which however a tradeoff exists between the resolution and the signal intensity. 8 Current studies in the field are focusing on developing imaging techniques 9 for obtaining the cross-section images as well as three-dimensional images. So far, no reconstruction algorithms have been employed in ultrasound-modulated optical tomography.
In this letter, we report a reconstruction-based imaging technique, ultrasound-modulated optical computed tomography ͑UMOCT͒, for cross-sectional imaging, with which three-dimensional images can be obtained. The technique was developed with inspiration from x-ray computed tomography ͑CT͒. In x-ray CT, through multiple linear and angular scans around a sample carried out with an x-ray sourcedetector pair, a cross-sectional image of the sample is reconstructed from the detected x-ray intensities, which reflect the attenuation properties along the x-ray paths in the sample. In ultrasound-modulated optical tomography, ultrasoundmodulated optical signals are generated in the volume that is occupied by the ultrasonic beam in the sample. Intensities of the ultrasound-modulated optical signals reflect the optical properties ͑optical absorption and scattering͒ in this volume. Motivated by the analogy with x-ray CT, we developed the UMOCT in which an ultrasonic beam was scanned linearly and angularly around a sample and a filtered back-projection algorithm was applied to reconstruct images of cross sections formed by the scanned ultrasonic axis. It should be noted that, in UMOCT, the scanning beam was an ultrasonic beam, and the signals to be detected were optical signals. Figure 1͑a͒ shows a schematic of the experimental setup. A laboratory coordinate system is shown to describe the sample in its original orientation. The optical axis was along the y axis, and the ultrasonic axis was along the z axis. A laser beam of 690 nm in wavelength and 11 mW in power from a diode laser ͑Melles Griot, 56IMS667͒ was expanded to 20 mm in diameter to illuminate the sample perpendicularly. The resulting power density was much lower than the safety limit (ϳ200 mW/cm 2 ). 10 The coherence length of the laser was ϳ6 cm when it was modulated at 1 MHz. Ultrasonic waves, generated by a focused ultrasonic transducer ͑UltranLab, VHP100-1-R38͒ with a 38 mm focal length in water and a 1-MHz central response frequency, were coupled into the tissue sample through water in which a͒ Author to whom correspondence should be addressed; electronic mail: lwang@tamu. edu   FIG. 1 . Schematics of ͑a͒ the experimental configuration and ͑b͒ a cross section of a sample with coordinates considered in the reconstruction.
APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 9 1 MARCH 2004 the sample was partially immersed. The focal zone of the ultrasonic waves was 2 mm in diameter and 20 mm in length, in which the peak pressure was ϳ10 5 Pa. Speckle patterns generated by the scattered light from the tissue were detected by a 12-bit digital charge-coupled device ͑CCD͒ camera ͑Dalsa, CA-D1-0256T͒ with 256ϫ256 pixels. Then, ultrasound-modulated optical signals were extracted from the speckle patterns by the use of parallel speckle detection. 5 An experiment with a transmission-detection configuration, in which the CCD camera and the incident laser beam were on opposite sides of the sample, as well an experiment with a reflection-detection configuration, in which the CCD camera and the incident laser beam were on the same side of the sample, were carried out. The UMOCT required relative linear and angular scans between the sample and the ultrasound. In the experiment, the position of the ultrasonic transducer was fixed. A sample holder was made to allow the sample to be rotated around the y axis by a rotational stage and to be linearly scanned along the x axis by a stepper motor. Figure 1͑b͒ shows a cross section of the sample on the xz plane, which has been rotated around the y axis by an angle from its original orientation. A new coordinate system (xЈyЈzЈ) is set with the zЈ axis parallel to the ultrasonic beam. In the figure, the ultrasonic beam is located at a distance xЈ from the origin.
The detected ultrasound-modulated optical signal can be expressed as an integration of the signal coming from each segment along the zЈ axis (zЈϪ␦zЈ/2, zЈϩ␦zЈ/2) in the ultrasonic column:
͑1͒
which is a Radon transform. The integrand can be expressed as s ,x Ј (zЈ)ϭC 1 Q ,x Ј (zЈ)m ,x Ј (zЈ)G ,x Ј (zЈ), where C 1 is a constant; Q ,x Ј (zЈ) represents the photon density in the segment centered at zЈ, determined by the photon transport from the laser source to this segment; m ,x Ј (zЈ) is the depth of ultrasonic modulation related to the optical properties at zЈ in the ultrasonic column; and G ,x Ј (zЈ) represents the Green's function describing the transport of the ultrasoundmodulated photons from this segment to the detector. In the diffusion regime, Q ,x Ј (zЈ) and G ,x Ј (zЈ) have a weak dependence on zЈ.
The signals detected at multiple projection angles are used as the projection data for the reconstruction of an image reflecting the optical properties of the sample, where a filtered back-projection algorithm is applied. The reconstructed image of the sample is expressed as
where is the spatial frequency in the xЈ direction and
S(,) is the Fourier transform of the signal s(,xЈ).
A Ram-Lak filter ͉͉ is used in the processing. The reconstructed values represent the relative intensities of the ultrasound-modulated optical signals. The lower intensities reflect higher attenuation in the sample and vice versa.
In the experiment, the step size of the linear scan along the xЈ axis was 1.2 mm, and the increment of the angular scan was 5°. The signal-to-noise ratios in the measurement were ϳ2. To avoid the influence of acoustic heterogeneity on the ultrasound-modulated optical signal, we used allbiological-tissue samples: optically absorbent objects buried in background biological tissue were biological tissues as well. Both the objects and the background tissue had similar acoustic impedance. We first examined the technique in the transmission-detection configuration. To demonstrate that the technique depends on diffuse light, we placed the CCD camera at an angle of 25°with respect to the optical axis to eliminate any contribution from ballistic photons. Figure 2͑a͒ shows a photograph of a cross section of a chicken-breasttissue sample on the xz plane. A piece of chicken blood vessel, which had a size of ϳ8ϫ3 mm 2 on the xz plane and ϳ2 mm in the y direction, was buried in the middle of a 14-mm-thick sample. Figure 2͑b͒ shows the reconstructed image, in which the buried object is clearly seen. The size and the orientation of the object in the image are in good agreement with the actual ones.
The technique was also examined in the reflectiondetection configuration. A chicken-breast-tissue sample was used, in which an object made from turkey muscle was buried ϳ9 mm deep in the y direction. The size of the object on the xz plane was ϳ4ϫ3 mm 2 . Figure 3͑a͒ shows a photograph of the imaged cross section of the sample, and Fig.  3͑b͒ shows the reconstructed image. The object is clearly visible in the image and its size matches the actual size quite well. The reconstructed image was low-pass filtered. We evaluate the image resolution roughly with the width of the 10%-90% signal-intensity transition at the edge of the object. The width is ϳ2 mm, which indicates that the resolution in UMOCT is determined by the diameter of the ultrasonic   FIG. 2 . Experimental result in the transmission-detection configuration: ͑a͒ Photograph of a cross section on the xz plane located in the middle of a 14-mm-thick chicken-breast-tissue sample, in which an object made from blood vessel was buried; ͑b͒ reconstructed 2D image.
FIG. 3. Experimental result in the reflection-detection configuration: ͑a͒
Photograph of a cross section on the xz plane located ϳ9 mm deep in a chicken-breast-tissue sample, in which an object made from turkey muscle was buried; ͑b͒ reconstructed 2D image. focal zone ͑2 mm͒. As demonstrated in conventional ultrasound-modulated optical tomography, the resolution in the y dimension is determined by the diameter of the ultrasonic focal zone as well. A better resolution can be obtained through the use of an ultrasonic transducer with a focal zone of smaller diameter.
The imaging of the cross section in the reflectiondetection configuration demonstrates the progress in ultrasound-modulated optical tomography. The reflection detection configuration is desired for medical imaging because of its convenient configuration. The results imply that the technique using the reflection detection configuration has good potential for application in medical imaging. In applications such as brain imaging, 3 the incident laser beam and the detector will be located on the top of the head of a human being or an animal, and the ultrasonic transducer will be scanned around the head. It is expected that two-dimensional optical cross-sectional images as well as three-dimensional images at various depths in the brain, which have a controllable image resolution determined by the ultrasonic beam, can be obtained noninvasively with this technique. A future study will focus on the application of this technique to smallanimal brain imaging.
Compared with frequency-swept ultrasound-modulated tomography, this technique is a generic technique, which will work with any detection scheme in ultrasound-modulated optical tomography ͑e.g., single-detector detection, 2 parallel speckle detection, 1, 5 or speckle-contrast detection 11, 12 ͒. In frequency-swept ultrasound-modulated optical tomography, an ultrasonic transducer with a broad bandwidth is required. Such a transducer may not be efficient for ultrasonic modulation because of the tradeoff between the efficiency and bandwidth of the transducer. In comparison, the resolution in UMOCT is determined by the diameter of the ultrasonic focal zone. A fine resolution can be achieved with sufficient signal intensities using a narrow-band high-efficiency ultrasonic transducer.
The method of x-ray CT has been applied in the optical regime for several years. 13, 14 However, our hybrid optical imaging technique is quite different in physics from those pure optical imaging techniques. In those applications, the scanning beam is a laser beam and the projection data are the intensity of the transmitted ballistic light, which cannot penetrate relatively thick biological tissues. By contrast, in our technique, the scanning beam is an ultrasonic beam and the projection data are the intensity of the diffuse light that is modulated by the ultrasonic beam. Although the scanning beam is an ultrasonic beam, the imaging is optically based because the contrast is based primarily on optical properties. Our technique extends the application of the method of x-ray CT in the area of optical imaging from the ballistic regime to the diffusion regime, with the aid of ultrasonic modulation.
In summary, we developed a technique called ultrasound-modulated optical computed tomography, which provides a way to obtain optical images of biological tissues in cross sections containing the scanned ultrasonic axis. The technique, which combines the advantages of optical contrast and ultrasonic resolution, can be implemented with any standard signal-detection scheme for ultrasonic modulation of coherent light in scattering media and can be applied directly to achieve three-dimensional images of biological tissues.
